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A variable temperature neutron and synchrotron diffraction study has been performed on the giant
magnetoresistant oxypnictides LMnAsO (L = La, Nd). The low-temperature magnetic structures have been
studied, and results show a spin reorientation of the Mn2+ spins below TN (Nd) for NdMnAsO. The Mn2+ spins
rotate from alignment along c to alignment into the basal plane, and the Mn2+ and Nd3+ moments refine to 3.54(4)
μB and 1.93(4) μB, respectively, at 2 K. In contrast, there is no change in magnetic structure with temperature for
LaMnAsO. There is no evidence of a structural transition down to 2 K; however, discontinuities in the cell volume
and L-O and Mn-As bond lengths are detected at ∼150 K for both materials. This temperature coincides with
the electronic transition previously reported and suggests a coupling between electronic and lattice degrees of
freedom.
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I. INTRODUCTION
High-temperature superconductivity (HTSC) in layered
cuprates with transition temperatures (Tc) >35 K (Ref. 1)
has been extensively studied in the past 30 years. Recently,
HTSC has been reported in a noncuprate material, the
1111-type pnictides LFeAsO (Ref. 2) with a maximum Tc
of 55 K being achieved via substitution of oxygen with
fluorine3–5 or by creating oxygen vacancies.6 The Fe-based
parent compound crystallizes with the tetragonal ZrCuSiAs
structure (space group P4/nmm). Below ∼155 K a structural
distortion occurs, changing the symmetry of the cell from
tetragonal to orthorhombic. This is followed by a spin-density-
wave-type (SDW) antiferromagnetic (AFM) ordering of Fe2+
moments at TN = 137 K.7 Substitution of F− onto the
O2− site or the presence of oxygen vacancies increases the
number of charge carriers in the two-dimensional FeAs planes,
producing a superconducting state that suppresses both the
AFM and structural transition. Superconductivity was found
to be induced not only by electron doping, but also by hole
doping via substitution on the rare-earth site with Sr2+.8,9
Partial substitution of Fe in LaFe1−xMxAsO (M = Ni, Co,
and Mn) has also been performed, promoting superconductiv-
ity in the case of Ni and Co.10,11 When the system contains
11% Co, AFM ordering is destroyed and superconductivity
is induced with a Tc of 14.3 K. LaONiAs exhibits bulk
superconductivity with Tc ∼ 2.75 K.12 In contrast, LaCoAsO
is an itinerant ferromagnet with a magnetic moment of
0.52 μB (TCurie ∼ 66 K)13 and displays the characteristics
of a “good” metal, with low room-temperature resistivity.
Recent studies performed on its analog, NdCoAsO, showed
similar magnetic behavior, with a higher magnetic transition
of 85 K.14 Neutron-diffraction data revealed that the Co spins
order ferromagnetically in the ab plane below this temperature,
with a small moment of 0.3 μB. The ordering of Nd3+
spins arises below 9 K, doubling the magnetic cell along the
c axis, with AFM coupling of adjacent ferromagnetic planes. A
subsequent study on this compound revealed a third magnetic
transition at ∼3 K related to further AFM ordering of larger
Nd moments.15
Superconductivity has been reported in the similar 122
family of A1−xBxM2As2 (A = K, Cs; B = Ba, Sr, Ca; M = Fe,
Ni).16–20 Comparable electronic and magnetic properties are
apparent between the 122 and 1111 family, with BaCo2As2
(Refs. 18 and 21) bearing ferromagnetic character and
SrFe2As2 and BaFe2As2 exhibiting a SDW.17,22 BaMn2As2 is
unique to other compounds in this family, as it is nonmetallic
with an elevated TN of 625 K.23,24 We recently reported
the electronic and magnetic properties of LMnAsO (L = La,
Nd),25 which are antiferromagnetic with TN = 317 and
335 K for L = La and Nd, respectively. Both compounds
display semiconducting behavior in addition to giant
magnetoresistance (GMR), suggesting strong spin-charge
coupling of the 3d5 electrons. In this paper, we present a
variable temperature neutron diffraction study of LMnAsO
(L = La, Nd) and show that a spin reorientation of the Mn2+
moments arises below TN (Nd3+). A synchrotron x-ray
diffraction study of LMnAsO (L = La, Nd) has also been
performed, and the results demonstrate that the electronic
transition previously reported25 is coupled to the crystal
lattice.
II. EXPERIMENTAL
Polycrystalline samples of LMnAsO (L = Nd, La) were
synthesized via a two-step solid-state reaction. Pieces of rare
earth (Aldrich 99.9%) and As (Alfa Aesar 99.999%) were
initially reacted at 900 ◦C in a quartz tube sealed under
vacuum. “As-prepared” samples were then synthesized by
reacting stoichiometric amounts of MnO2 and Mn powders
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(Aldrich 99.99%) with the presynthesized LAs. All powders
were ground under an inert atmosphere and pressed into pellets
of 10-mm diam. A sintering step at 1150 ◦C for 48 h was
employed, also in an evacuated quartz tube. Such as-prepared
samples were found to be nominally Nd nonstoichiometric.
Two more Nd stoichiometric samples were prepared by the
reaction of an excess of 2% and 3% Nd powder, with
stoichiometric amounts of NdAs, MnO2, and Mn.
Powder x-ray diffraction patterns of LMnAsO (L = Nd,
La) were collected using a Bruker D8 Advance diffractometer
with twin Gobel mirrors and Cu Kα radiation. Data were
collected over the range 10 < 2θ < 100, with a step size of
0.02◦, and could be indexed on a tetragonal unit cell of space
group P4/nmm, characteristic of the LMAsO family (M = Fe,
Ni, Co).5
Time-of-flight (TOF) neutron-diffraction patterns were
recorded on the high-intensity diffractometer POLARIS at
the pulsed neutron source ISIS facility, Rutherford Appleton
Laboratory, UK. Samples were inserted into an 8-mm
vanadium can, and data were collected between 2 and 400 K.
Rietveld refinement26 using the GSAS package27 was carried
out in order to determine the nuclear and magnetic structures
of both compounds above and below TN (Mn). Data were
excluded between 2.1- and 2.3-A˚ d spacing, due to peaks
from the sample environment.
Powder synchrotron x-ray diffraction patterns of LMnAsO
(L = Nd and La) were recorded on ESRF beamline ID31
between 5 and 290 K. A wavelength of 0.39996 A˚ was used,
and the sample was contained in a 0.5-mm-diam borosilicate
glass capillary mounted on the axis of the diffractometer, about
which it was spun at ∼1 Hz to improve the powder averaging
of the crystallites. Diffraction patterns were collected over the
angular range 2◦–45◦ 2θ and rebinned to a constant step size
of 0.002◦ for each scan. The high-angle parts of the pattern
were scanned several times to improve the statistical quality of
the data in these regions. A small amount of MnAs impurity
[1.5(1) wt %] was observed and fitted for NdMnAsO. A small
amount of Nd2O3 [1.3(1) wt %] was also detected.
III. RESULTS AND DISCUSSION
A. Magnetic structure
It has recently been shown that LMnAsO (L = La, Nd)
is a local moment antiferromagnet.25 A weak ferromagnetic
component was evidenced from superconducting quantum
interference device (SQUID) magnetometry measurements;
however, it is possible that this is due to MnAs impurities,
as observed previously in magnetometry measurements of
antiferromagnetic BaMn2As2.24 The 290-K magnetic structure
has been resolved from neutron-diffraction data25 for LMnAsO
(L = La, Nd). At 290 K (101) and (100), magnetic reflections
are observed that can be indexed with a propagation vector
k = (0,0,0), leading to identical magnetic and nuclear cells.
Hence, the Mn2+ moments are aligned antiferromagnetically
in the ab plane, but ferromagnetically along c, and the
moment is ordered parallel to the c axis (Fig. 1). At 290 K,
the Mn2+ moment refines to 2.43(1) μB and 2.35(2) μB
for LaMnAsO and NdMnAsO, respectively. These magnetic
reflections were not observable at 400 K, which is above
FIG. 1. (Color online) (a) Crystal structure, (b) 2-K magnetic
structure of NdMnAsO, and (c) 290-K magnetic structure of LMnAsO
(L = La, Nd).
the magnetic ordering temperature determined from SQUID
magnetometry measurements. Upon cooling to 2 K, there is no
change in crystal structure, and a good Rietveld fit is obtained
to the tetragonal space group P4/nmm at all temperatures
(Fig. S1 in the supplementary material28). Tables SI and SII
in the supplementary material show agreement factors, cell
parameters, selected bond lengths, and angles28 (χ2 values are
<1 below 290 K as a result of the small sample volume and
sample environment from the cryostat). There is no change
in the magnetic structure for LaMnAsO as the temperature is
reduced to 2 K, and the moment is observed to increase slowly
from 2.43(2) μB at 290 K to 3.34(2) μB at 2 K (Table SI in the
supplementary material). The saturated moment is comparable
to that reported for BaMn2As2 (Ref. 23) and is reduced from
the theoretical value of 5 μB/Mn2+ as a result of a substantial
hybridization between the Mn 3d and the As 4p orbitals.
A clear change in the intensities of the magnetic reflections
is evidenced at 2 K for NdMnAsO (Fig. 2), which is
below the temperature at which the Nd3+ spins are fully
ordered antiferromagnetically [TN (Nd) = 10 K], as observed
previously from SQUID magnetometry measurements;25 the
(101) reflection is reduced compared to the (100), and an
increase in intensity of the (102) peak is observed. All
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FIG. 2. (Color online) A portion of the POLARIS neutron
diffraction pattern for NdMnAsO showing a change in magnetic
diffraction as a result of antiferromagnetic Mn2+ ordering below
400 K and Nd3+ ordering below 10 K.
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TABLE I. Basis vectors [mx,my,mz] for the space group
P4/nmm with k = (0,0,0). Mn1: (3/4,1/4,1/2), Mn2: (1/4,3/4,1/2), Nd1:
(1/4,1/4,0.13034), and Nd2: (1/4,1/4,0.86966).
Atom 12 13 16 29 210
Mn1 (0,0,mz) (0,0,mz) (mx,my,0) (mx,my,0)
Mn2 (0,0,mz) (0,0,−mz) (mx,my,0) (−mx,−my,0)
Nd1 (0,0,mz) (0,0,mz) (mx,my,0) (mx,my,0)
Nd2 (0,0,−mz) (0,0,mz) (mx,my,0) (−mx, − my,0)
reflections could be indexed with the primitive unit cell, so
that k = (0,0,0). In order to determine the symmetry-allowed
magnetic structures, symmetry analysis was undertaken using
version 2 K of the software SARAh-representational analysis.29
These calculations allow the determination of the symmetry-
allowed magnetic structure that can result from a second-order
transition, given the crystal structure prior to the transition
and the propagation vector of the magnetic ordering. Only
symmetry elements g that leave the propagation vector k
invariant are considered: These form the little group Gk .
The magnetic representation of a crystallographic site can be
decomposed in irreducible representations  (IRs) of Gk .
First, we consider the case where just the Mn2+ spins
are ordered, as observed for LaMnAsO below 317 K and
NdMnAsO at 290 K. The different IRs obtained are displayed
in Table I, and the allowed solutions correspond to two
ferromagnetic and two antiferromagnetic models. The two
ferromagnetic IRs can be easily ruled out as there is no
evidence of a ferromagnetic contribution to the nuclear Bragg
reflections. The best fit to the neutron data is obtained with the
magnetic moment along c (i.e., IR 16), as shown in Fig. S1 in
the supplementary material.28
The magnetic structure of NdMnAsO changes at low
temperature as a result of Nd3+ spin ordering (Fig. 2).
The IRs associated to the Nd site are also presented
in Table I. The decompositions are mag = 113 + 116 +
129 + 1210 and mag = 112 + 113 + 129 + 1210 for the Mn
and Nd sites, respectively. In the case of a second-order phase
transition, Landau theory states that only a single IR becomes
critical, which leaves three IRs common to both sites: 113,
129 , and 1210, of which 113 and 129 are ferromagnetic, and
1210 results in antiferromagnetic ordering of both Nd3+ and
Mn2+, as shown in Fig. 1(c). An excellent fit is obtained to
this magnetic structure at 2 K (Fig. S1 and Table SII in the
supplementary material28), and the refined magnetic moments
of Mn2+ and Nd3+ are 3.54(4) μB and 1.93(4) μB, respectively.
These results demonstrate that a spin reorientation arises below
the Nd3+ antiferromagnetic transition so that the Mn2+ spins
rotate from ordering parallel to c above TN (Nd) to ordering
in the basal plane below the Nd3+ spin transition, which
demonstrates a strong coupling between the two sublattices.
Such a spin reorientation transition has not been observed
previously in any of the itinerant LMAsO (M = Fe, Co, Ni)
systems,7–13 and the most likely mechanism for the spin
reorientation is competing single-ion anisotropy, as reported
previously for L2CuO4.30 The Mn2+ ion has S = 5/2 and
orbital angular momentum L = 0, so that the preferred moment
orientation is along c. The Nd3+ moment with S = 3/2 and
L = 6 aligns preferentially in the basal plane. When the
Nd3+ spins order below 24 K, the single ion anisotropy
dominates that of Mn2+, so that the manganese spins reorient
into the basal plane. The same spin reorientation is not
observed for LaMnAsO, in which lanthanum does not order
magnetically.
B. Crystal structure
Previous results have shown that both LaMnAsO and
NdMnAsO exhibit a sizable negative magnetoresistance (–
MR).25 –MR is observed below 380 K and 360 K for
NdMnAsO and LaMnAsO, respectively, and decreases slowly
upon cooling, reaching a maximum of –24% and –11%,
respectively, at 200 K. At 150 K (Te) the –MR for NdMnAsO
increases rapidly to zero; at the same time a subtle electronic
transition is observed as a result of a crossover between two
three-dimensional variable-range-hopping (VRH) states. The
electronic transition is thought to arise due to a change in
hopping, with hopping via multiple sites occurring at high
temperature and hopping via two sites occurring below 150 K.
If tunneling of the electrons occurs via more than two
sites, then quantum destructive interference (QDI) is possible.
Upon application of a magnetic field, the QDI is diminished,
resulting in the −MR observed between 150 and 380 K for
NdMnAsO.25 Magnetoresistance arising from quantum inter-
ference is only observed in highly disordered semiconductors
and changes slowly with temperature below the magnetic
transition temperature,31 as observed for LMnAsO. This is
in contrast to the colossal magnetoresistance observed in
Mn3+/4+ perovskites, which exhibit a peak in −MR at ∼Tc.32
In order to see if the electronic transition at Te = 150 K
is coupled to the crystal lattice, a variable temperature syn-
chrotron study has been performed on LMnAsO (L = La, Nd)
between 5 and 290 K. The synchrotron x-ray powder diffrac-
tion patterns of LMnAsO (L = La, Nd) were fitted by the Ri-
etveld method26 using the GSAS program.27 The backgrounds
were fitted using linear interpolation and the peak shapes were
modeled using a pseudo-Voigt function. Our data confirmed
that LMnAsO (L = La, Nd) crystallize in the ZrCuSiAs-
type structure5,33 [spin group P4/nmm a = 4.11398(1) and
4.043959(7); c = 9.03044(2) and 8.87868(3) for L = La and
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FIG. 3. Rietveld refinement fit to the 5-K ID31 synchrotron
x-ray powder diffraction pattern of LaMnAsO.
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FIG. 4. (Color online) Variation of cell volume with temperature
for NdMnAsO showing an anomaly at the electronic transition Te.
The insets show the temperature variation of the a cell parameter and
the 5-T magnetoresistance.
Nd, respectively]. Unlike LMAsO (M = Fe, Co),14 no or-
thorhombic distortion is observed down to 5 K. Excellent
fits were obtained at all temperatures for both compounds
as shown in Fig. 3 (Fig. S2 in the supplementary material28).
The refinement results show that both compounds are anion
Temperature (K)
c/
a
2.1950
2.1951
2.1952
2.1953
2.1954
2.1955
2.1956
0 50 100 150 200 250 300
FIG. 5. (Color online) Temperature dependence of the c/a ratio
for LaMnAsO.
stoichiometric and there is no evidence of cation or anion
disorder. Nonstoichiometry on the L site is observed for both
samples, so that the La and Nd occupancies refine to 0.966(2)
and 0.970(2), respectively. Values of the agreement factors,
refined cell parameters, and selected bond lengths and angles
are displayed in Tables SIII and SIV in the supplementary
material28 for La and Nd, respectively.
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Figure 4 shows the variation of cell volume and a with
temperature for NdMnAsO, which show a clear discontinuity
at Te. The same anomaly is observed for LaMnAsO, although
it is more subtle; Fig. 5 shows the variation of the c/a ratio for
LaMnAsO, which demonstrates the same manifestation of Te
in the crystal lattice. Figure 6 shows the variation of the Mn-As
and L-O bond lengths with temperature, and it is clear that the
discontinuity in the cell volume is due to changes in these bond
lengths at ∼Te. The tetrahedral bond angles are displayed
in Tables SIII and SIV in the supplementary material for
LaMnAsO and NdMnAsO, respectively.28 The results show
that a reduction in La-O-La α1 is observed with decreasing
temperature while α2 increases, so that at 5 K the angles
are 119.49(1)◦ and 104.706(5)◦ for α1 and α2, respectively.
In contrast both the Nd-O-Nd tetrahedral bond lengths are
almost constant with temperature [α1 = 120.58(1)◦ and
α2 = 104.219(4)◦ at 5 K]. The greater distortion in the
Nd-O-Nd tetrahedral can be attributed to the larger bond
mismatch between Mn-As and Nd-O in this material [Mn-
As = 2.5427(3) A˚ and Nd-O = 2.3280(1) A˚ for NdMnAsO at 5
K, compared to Mn-As = 2.5589(3) A˚ and La-O = 2.3813(1)
A˚]. For both compounds, the α2 As-Mn-As bond angles are
almost temperature invariant, whereas the electronic transition
Te is manifest in the α1 As-Mn-As tetrahedral bond angle.
Electronic transitions such as the one reported for LMnAsO
(Ref. 25) are well known in disordered semiconductors; for
example, a crossover between two three-dimensional VRH
states has previously been reported for SrFeO3−δ (Ref. 34)
and Bi2.1Sr1.93Ca0.97−xLxCu2O8+y (L = Pr, Gd, Er).35 The
synchrotron x-ray refinement results demonstrate that the
structural parameters are sensitive to subtle changes in
the electronic state in LMnAsO, so that the electronic
transition at 150 K is coupled to the crystal lattice. It has
previously been shown that the electronic structure of LFeAsO
systems strongly depends on small changes in interatomic
distances and bond angles of the FeAs4 units. The structural
parameters control the electronic conduction band (due to the
high degree of hybridization between Fe and As and also the
Fe near- and next-nearest-neighbor interactions).36 It would
appear that the same may be true for the 1111 Mn2+ analog,
and further studies of the electronic structure are warranted.
C. Stoichiometry studies
While writing this paper, we became aware of a recent
paper by Marcinkova et al. that supports the low-temperature
magnetic structure of NdMnAsO (Ref. 37) reported here.
However, the electronic properties are very different. The
temperature dependence of the resistivity is suggestive of
a degenerate semiconductor with a 290-K resistivity of
∼40  cm, and a maximum –MR of 2% is reported in
a 9-T field. A variable temperature synchrotron diffraction
study was also performed on beamline ID31 at the ESRF, and
there is no evidence of anomalies in the cell parameters or
bond lengths between 4 and 250 K.37 This is in contrast to
the results described here, where NdMnAsO is a disordered
semiconductor (290-K resistivity = 1268  cm) with a sizable
–MR over a wide temperature range25 and exhibits an elec-
tronic transition at 150 K, which appears to be coupled to the
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FIG. 7. (Color online) Variation of 5-T MR with temperature for
three different NdxMnAsO samples.
crystal lattice (Figs. 4–6). Both samples are of similar quality,
and the only difference appears to be the nonstoichiometry
of the L site in GMR LMnAsO samples (L = Nd and La;
Tables SIII and IV). To investigate this further we have
synthesized three NdxMnAsO samples with different x and
recorded the temperature variation of the 5-T MR (Fig. 7). It
is clear that the MR properties of NdxMnAsO are strongly
stoichiometry dependent, so that the magnitude of –MR
decreases with increasing x. Upon increasing x from 0.970
to 0.988 in NdxMnAsO, the electronic properties change from
a disordered semiconductor to a degenerate semiconductor
with 290-K resistivity equal to 105 and 41  cm for x = 0.988
and 1.00, respectively. The large increase in resistivity upon
decreasing x may then be explained by trapping of the carriers
by the cation disorder (Anderson localization). Negative MR
arising from a reduction in QDI with field is only observed
in highly disordered semiconductors, and it appears that the
Nd nonstoichiometry in the materials reported here establishes
this disorder. Another implication of these findings is that it
may be possible to tune the –MR by further reduction in x, and
further research is warranted.
In summary, we report that NdMnAsO exhibits a spin
reorientation from alignment parallel to c above TN (Nd)
to alignment along the basal plane below TN (Nd). This
further illustrates the strong interplay between the lanthanide
and transition-metal magnetism in LMAsO oxypnictides. A
structural response is evident at Te, where clear discontinuities
in L-O and Mn-As bond lengths are observed. It is surprising
that the electronic transition is manifest in both the L-O and
Mn-As bond lengths and suggests that there may be electronic
as well as magnetic coupling between the two layers. The
results show that the electronic properties of LMnAsO are
strongly dependent on the nonstoichiometry of the L site,
whereas the magnetic properties are relatively unaffected.
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